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Title of Study: Dynamic strength properties of structural steel at elevated rates of strain
Pages in Study: 111
Candidate for Degree of Master of Science
Experiments were conducted on ASTM A572-50 and A992 steel over a range of
intermediate strain rates in order to determine material strength properties of structural members
subjected to dynamic loadings. The yield and ultimate tensile stress (UTS) of the steels were
determined at increasing strain rates using a hydraulic apparatus and compared to static values
obtained from ASTM E8 standardized tensile experiments. Results revealed that A572-50 steel
exhibited an increase in yield stress of up to 35% and UTS of up to 20% as strain rate increased
from 0.002 to 2.0 s-1. A992 steel demonstrated a similar increase in yield stress of up to 45% and
UTS of up to 20%. Ratios of dynamic-to-static strengths were used to develop dynamic increase
factor curves spanning the range of strain rates studied. These curves provide designers with
material property values required for accurate and economical design of protective structures.
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CHAPTER I
INTRODUCTION
Protective structures are essential to our nation’s security during peace and wartime for
defending critical systems, personnel, and stored ordinance from both conventional weapons and
accidental explosions. Design of such structures is referred to as protective design. The primary
focus of protective design is to increase the survivability of the structures and their contents
against loadings from internal or external explosions, i.e. blast loads. For the case of weapons
storage facilities, protective design is used to prevent a chain reaction of detonations from one
structure to another, or propagation of explosion. Defense agencies use Unified Facilities Criteria
(UFC) 3-340-01, “Design and Analysis of Hardened Structures to Conventional Weapons
Effects” [1] and UFC 3-340-02, “Structures to Resist the Effects of Accidental Explosions” [2]
as design standards for protective structures.
Protective design involves a balanced approach to economically obtain increased
survivability for a structure and its contents. Design procedures require knowledge of how
structural materials perform during unconventional loading conditions. High-pressure, shortduration blast waves subject structural members to deformations at higher rates than typically
considered; therefore, it is important to account for rate-dependent material properties to
accurately predict structural response. The severe nature of a blast loading event typically
requires designers to allow plastic deformations for protective structures to be economically
plausible. Accounting for rate-dependent, or dynamic, properties within plastic design allows
1

beneficial properties, such as ductility, to be exploited. Within the context of this report,
distinction between static and dynamic time variables are delineated by the maximum rate of
deformation prescribed within ASTM E8 for standard tensile testing of metallic materials, which
is 0.00035 s-1 [3].
Dynamic strengths of various grades/types of concrete, steel reinforcement bars, and
structural steel are listed within UFC 3-340-02, hereby referred to as the UFC, to allow engineers
to analyze and design protective structures. The structural steel design chapter of the UFC
currently provides design guidance for ASTM A36 [4] and A514 [5] structural steels,
classifications that were first specified in the early 1960’s. These steels have become less
economic as newer, more readily available, and advanced construction materials have become
more commonly used for conventional structures [6]–[8]. Current design guidance regarding the
use of these more modern steels, namely ASTM A572-50 [9] and A992 [10], is limited due to
the lack of research on these steels under dynamic loading. A36 specified shapes and plates are
becoming more expensive to procure as A572-50 and A992 have become the preferred
specification produced by most steel mills since the early 2000s. Engineers now require dynamic
strength properties for A572-50 and A992 steels to continue to economically design protective
structures with today’s readily available construction materials.

2

CHAPTER II
OBJECTIVES AND RESEARCH PLAN
The purpose of this research was to quantify the change in yield and ultimate tensile
stress (UTS) of A572-50 and A992 steels over a range of strain rates applicable within UFC 3340-02. A secondary objective was to determine the appropriate dynamic increase factor (DIF)
values to use for these steels when following guidance within the aforementioned design manual.
Earlier research and current guidelines regarding the dynamic properties of structural steels were
reviewed. An experimental procedure was developed to measure the strength of A572-50 and
A992 specified steels at rates between 0.00002 to 2 s-1. The procedure was approved by the
Department of Defense Explosives Safety Board (DDESB) and the following tasks were
conducted.
1.

Baseline yield and UTS values were determined by conducting uniaxial tension
experiments at a static rate of 0.00002 s-1,

2.

Dynamic yield and UTS were determined by conducting uniaxial tension
experiments at four target strain rates of 0.002, 0.05, 0.2, and 2 s-1,

3.

Measured dynamic strength values were compared to specified minimum values
to define the DIF for yield and UTS for each steel, and

4.

A plot of DIF values was developed to allow designers to use UFC formulas to
predict the dynamic material properties of A572-50 and A992 steels.

3

CHAPTER III
LITERATURE REVIEW
The following review summarizes design manuals, reports, and articles on protective
design and experiments to determine material properties of structural steels. The main topics
covered in the review include current protective design guidelines, material strength properties of
structural steel as measured by applying uniaxial tension, and experiments conducted on
structural steel to quantify rate effects.
3.1

Protective Design
Design guidance concerning structural protection against blast loadings became regulated

following WWII, beginning with the earliest version of Army TM 5-855-1 [11], designated in
1946 as EM 1110-345-405 (according to [12]). Many other protective design manuals were
published shortly after by U.S. government organizations and professional societies. The
guidelines were based upon the results of numerous structural response and explosive effects
experiments in addition to the culmination of vast data that were provided in post-war analysis
[13]–[20]. Protective design manuals developed by agencies of the Department of Defense
(DOD) were periodically updated and/or joined, culminating into the current UFC 3-340-01 [1]
and UFC 3-340-02 [2]. UFC 3-340-01 is restricted in distribution; however, some information
contained within the manual is available through the American Institute of Steel Construction
(AISC) blast and progressive collapse recommendations [19] and will be introduced later.
Information referencing UFC guidance refers to UFC 3-340-02 unless specifically referenced
4

otherwise. References made to structures and their responses are interchangeable with those of
structural members.
Structural dynamics analysis is based on conservation of energy principals [21]–[23]. The
methods involve simplification of structures into spring-mass systems loaded by idealized loadpulse wave shapes and durations. System damping is neglected as the majority of damage is
assumed to be completed within the first cycle of response [14]. All the work done by the blast
pressure is assumed to transform into kinetic and strain energy. For impulsive loads, all the
inbound loading on the structure is converted purely into kinetic energy. As the structure
deforms, the kinetic energy transitions to strain energy. Maximum strain energy occurs when
kinetic energy reaches zero, i.e., when the structure reaches its maximum deflection. Figure 3.1
illustrates the simplified, elastic-perfectly plastic system response curve that is assumed for
structural dynamics analysis. The slope of the curve within the elastic region is based on material
stiffness and member geometry until the onset of yielding with respect to the mode of loading,
e.g., bending, shear, tension, or compression. Increased material stiffness due to strain hardening
after yield is neglected to reduce the complexity of the nonlinear, dynamic analysis [19].
UFC design guidance is based on inelastic behavior of structures in order to capitalize on
the plastic, energy-absorption capacity of structures for the sake of economical design. Damage
deformation limits are determined by the criticality of a structure’s contents and the required
state of use of the facility after a given explosive incident. The UFC considers protective
structures to be located within either the high-pressure range or low-pressure range. Structures
within the high-pressure range are either housing the explosives that are assumed to detonate or
within the near vicinity. Maximum deformation criteria for structures within this pressure range
cover the severe conditions associated with close-in detonations. These structures typically serve
5

to either contain the detonation or prevent propagation of the explosion. Structures within the
low-pressure range have larger standoff, i.e., distance from the detonating explosives. Maximum
deformation criteria for structures in this range are defined to maintain structural integrity during
plastic response while still providing safety for personnel and equipment within.

Figure 3.1

Linear elastic-perfectly plastic force-displacement formulation [14].

SE denotes stored strain energy. Fyield is the force required to yield the structure, Δe,max is the
maximum deflection at the point of yield, and Δp is the maximum plastic deformation.
The UFC limits the maximum damage, i.e., displacement or deflection, of members to
ensure structural integrity remains after a blast loading event. Limits are provided in the form of
ductility ratios or support rotations. The level of required protection for the contents within the
structure determine the ductility ratio allowed within the design. With respect to Figure 3.1, the
ductility ratio (µ) is defined by Equation 3.1. The UFC allows for ductility ratios typically
between 0-20, depending on the structure.

6

𝜇=

∆𝑝
∆𝑒,𝑚𝑎𝑥

(3.1)

Dynamic material properties affect the amount of strain energy absorbed within the
system by defining the transition from elastic to plastic response for structures under load. The
UFC summarizes the effects from rapidly loading structural steel with respect to static loading;
(1) the yield point increases substantially, (2) the UTS increases to a lesser degree than the yield
point, and (3) the elongation at rupture remains constant or is slightly reduced [2]. Emphasis is
placed on the specific reference to the yield point that is made within the UFC. Later discussions
highlight contradictions within design recommendations.
The force required to yield the structure, Fyield in Figure 3.1, delineates the transition from
linear-elastic behavior to the assumed perfectly plastic behavior. Underestimating Fyield will
require the designer to select larger structural members, increasing the cost and decreasing
feasibility of protective structures. More importantly, a structural member that stores larger
levels of elastic strain energy than anticipated will require connections and/or bearing surfaces to
resist larger loads than they may have been designed to withstand. The AISC seismic design
manual [24] Chapter K2.3f provides details and an excellent example of how underestimating
Fyield can lead to considerably larger forces on connections. Essentially, accurate structural
analysis of members loaded beyond their elastic limits relies on the formation of plastic hinges.
If the formation of plastic hinges is delayed or prevented due to a member having a larger yield
stress than expected, then the analysis of the surrounding connections and members will lead to
un-conservative designs. Equally important, gross overestimation of Fyield will increase the
maximum deflections of structural members during a dynamic event, with potentially
catastrophic consequences to the safety of personnel and critical equipment located within.
7

In 1953, Brooks and Newmark [25] studied the influence of different design parameters
on the predicted maximum response of a structure to a blast loading using theories of structural
dynamics. The average applied load and the yield stress parameters were found to have the
greatest influence, indicating that errors attributed to either parameter would likewise cause
significant errors within the predicted response. Yield stress showed a greater influence for the
low-pressure design range. Later that year, Newmark also stated that the influence of strain rate
on the yield strength of the structure should be considered for protective design practices to be
accurate, as an increase in yield stress of 20-50% for mild steel was reasonable for dynamic
response [26]. All of the referenced protective design manuals take Newmark’s
recommendations into account to varying degrees.
Calculation of Fyield is based on axial, bending, or average shear stress equations for the
mode of loading considered and the yield stress of the structural member. The UFC recommends
designers to account for the actual yield stress of the material to facilitate accurate design and
analysis. Yield stresses of lower grade structural steels are on average higher than the specified
minimum values designated by ASTM. Tables 3.1 and 3.2 show results from statistical studies
that have been conducted on tens of thousands of mill test reports (MTRs) on relevant steel
specifications and shapes [27], [28]. To account for this increased strength, the UFC
recommends the application of a strength increase factor (SIF) of 1.1 for steels having a specified
minimum yield stress of 50 ksi or less. These values are similar to those that AISC specifies
within the seismic design manual [24] shown in Table 3.3. The tables indicate that the SIF values
prescribed by the UFC will generally under-predict the yield stress for both A36 and A572-50
steels.

8

Table 3.1

Yield point statistics provided by Brockenbrough [27].

Specification
A36
A36
A572-50
A572-50

Table 3.2

Nominal
Thickness Range
(in.)
0.188-0.75
>0.75-4.00
0.188-0.50
>0.50-4.00

56.9
43.1
58.3
56.8

1.30
1.20
1.17
1.14

Coefficient of
Variation
(COV)
0.10
0.08
0.05
0.06

Yield stress statistics provided by Liu et al. [28]

Shape

Specification
A36
A572-50
A992
A36
A572-50
A36
A36
A572-50

W-Shape
Angle
Channel
Plate, Bar

Table 3.3

Mean Yield
Ratio of Mean to
Point (ksi) Specified Yield Stress

Ratio of Actual to Specified Minimum Yield Stress
Confidence
Mean
COV
(95%)
1.57
0.05
0.023
1.20
0.05
0.051
1.10
0.05
0.010
1.34
0.07
0.005
1.29
0.07
0.011
1.36
0.06
0.039
1.39
0.07
0.032
1.16
0.07
0.030

Yield stress values and increase factors.
Specified Minimum
Yield Stress (ksi)

SIF from UFC [2]

A36

36

1.1

A572-50
A992

50
50

1.1
1.1

Specification

SIF from AISC [24]
1.3 or 1.5
(application dependent)
1.1
1.1

A material specific DIF is also applied to the specified minimum yield stress to account
for rate dependent strength properties. The UFC defines the DIF with respect to strain rates
above static loading conditions. “[Under higher rates] the yield point increases substantially to
the dynamic yield stress value. This effect is termed the dynamic increase factor for yield stress”
9

(Chapter 5-12.2) [2]. The UFC states that DIF values for A36 and A514 structural steels were
determined experimentally as a function of average strain rate to the point of yielding within the
material, according to Equation 3.2. This average elastic strain rate is used to specify the DIF for
both yield stress and UTS.

𝜀̇ =

𝜎𝑑𝑦
𝐸𝑠 𝑡𝐸

(3.2)

where
Es

=

Elastic modulus steel

ε̇

=

average strain rate in the elastic range of the steel

σdy

=

dynamic yield stress

tE

=

time to yield

The stress used for design and analysis of protective structures is named the dynamic
design stress (σds) and is defined by Equation 3.3 for lower ductility ratios (µ ≤ 10). A subscript y
or u will hereby be used when differentiation between the DIF for yield stress (DIFy) and UTS
(DIFu) is required.

𝜎𝑑𝑠 = 𝜎𝑑𝑦 = (𝐷𝐼𝐹𝑦 )(𝑆𝐼𝐹)(𝜎𝑦 )

where
σdy

=

dynamic yield stress

σy

=

specified minimum yield stress (ASTM specified)
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(3.3)

DIFy

=

Dynamic increase factor for yield stress (Figure 3.2 or Table 3.4)

SIF

=

Average strength increase factor (= 1.1 for σy ≤ 50 ksi; = 1.0 otherwise)

The UFC provides values of DIFy for A36 and A514 steel over a range of strain rates on
a logarithmic x-axis, as indicated by Figure 3.2. A table is also provided in the manual for strain
rates typically encountered by designers (Table 3.4).

Figure 3.2

DIFy values provided in the steel design chapter of the UFC [2].

Table 3.4

DIFy values of structural steels for different modes of loading for low and high
pressure ranges [2].

Bending
Specification
Low Pressure
High Pressure
(ε̇ = 0.1 s-1)
(ε̇ = 0.3 s-1)
A36
1.29
1.36
A588
1.16*
1.24*
A514
1.09
1.12
*Estimated values provided by the UFC
11

Tension or Compression
Low Pressure
Low Pressure
(ε̇ = 0.02 s-1)
(ε̇ = 0.05 s-1)
1.19
1.24
1.12*
1.15*
1.05
1.07

The force-displacement curve in Figure 3.1 neglects strain hardening; however,
allowances for plastic strength are provided in cases where large response deformations are
permissible in protective design. Dynamic increase factors for UTS are applied by multiplying
the specified minimum UTS, σu, by DIFu for those situations. For ductility ratios over 10, the
dynamic design stress is defined by Equation 3.4. The design stress formula adds a seemingly
arbitrary amount of the plastic strength to the elastic strength. Dynamic design stress values for
A36 were calculated using Equations 3.3 and 3.4 and shown in Figure 3.3. The figure indicates
limits to the applicability of Equation 3.4. Structural members that can sustain larger
deformations (µ > 10) will benefit less from dynamic material strengths at large rates of strain
due to the constant DIFu value provided within the UFC. It is likely that Equation 3.4 was not
intended to be used for strain rates above 1E1 s-1, as dynamic design stress values calculated with
Equation 3.4 will fall below those calculated with Equation 3.3.

𝜎𝑑𝑠 = 𝜎𝑑𝑦 +

𝜎𝑑𝑢 − 𝜎𝑑𝑦
4

where
σdy

=

dynamic yield stress (from Equation 3.3)

σdu

=

dynamic ultimate stress (σu x DIFu from Table 3.5)

Table 3.5

DIFu of structural steels given by the UFC [2].

Material
DIFu
A36
1.10
A588
1.05*
A514
1.00
*Estimated values provided by the UFC
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(3.4)

Figure 3.3

Dynamic design stress calculated from Equations 3.3 and 3.4 for A36 steel.

Dynamic design stress values determined from Equations 3.3 and 3.4 provide engineers
with the information required to design and analyze protective structures. However, information
for only a limited number of structural steels is available. The addition of DIF values for A57250 and A992 steels will add value to the UFC by facilitating the economic design of protective
structures with modern structural steels.
3.2

Deformation of Steel
A fundamental understanding of how structural steel deforms under load is helpful when

analyzing its material properties. Crystal plasticity is an area of study focused on deformation
mechanisms of materials with orderly atomic structures, such as metals. Research into dynamic
plasticity of metals dates back to the 1800s. One of the earliest investigations into the change in
material properties with rate of loading was attributed to J. Hopkinson in 1872, when he
conducted impact experiments on annealed iron wire by loading them with dropped weights
13

(according to [29]–[31]). Similar experiments, later conducted by B. Hopkinson [32] and Ludwik
[33], indicated that the elastic limit and instantaneous stress of the metals would increase with
loading rate. B. Hopkinson’s initial hypothesis from these experiments was that the elastic
modulus was increased by the rate of loading. Many researchers of that time then became
focused on determining the phenomena that separated elastic from plastic deformation. Schmid
and Valouch [34] found that reducing impurities in a single crystal of zinc would in turn reduce
the stress required to cause plastic deformation. Additional examination by Becker and Orowan
[35] on single-crystal specimens indicated that dislocations within the crystal lattice hit obstacles
during the onset of plastic deformation. In 1934, papers by Orowan [36], Taylor [37], and
Polanyi [38] introduced early theories of crystal plasticity, establishing the idea of dislocations as
the transmitters of plastic deformation.
Evolution of plasticity theory between 1934-1984 is documented in a survey written by
Kuhlmann-Wilsdorf [39]. To this day, propagation of dislocations is regarded as the primary
mechanism controlling crystal plasticity [40], [41]. More complete theories of currently
recognized phenomena governing plasticity require iterative analysis over a range of length
scales, starting at the electronic scale and ending at the continuum scale [42]. Even these
advanced theories are based on assumptions and simplifications to quantify the complex physical
phenomena involved to a marginal degree of certainty. Advancements in computational power
will continue to allow engineers and scientists to push the current limits of efficiency and
certainty in the multifaceted, multiscale domain of crystal plasticity. Until then, empirical
formulas will continue to be the method that is most often relied upon for predicting the response
of metals to external stresses.
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A low-carbon steel specimen pulled at a quasi-static rate, in uniaxial tension, and at room
temperature will generally exhibit a discontinuous stress-strain relation as shown in Figure 3.4
[40]. The region between OA is designated as the elastic region and is used to determine a
material’s modulus of elasticity, defined as the slope of OE. Point A indicates the first stress in
the material at which an increase in strain occurs without an increase in stress and is designated
within ASTM standards as the yield point [43] or upper yield stress [3]. Line AB is designated as
the yield drop to the near-constant stress of the yield plateau (BC). The minimum stress recorded
within the yield plateau is designated as the lower yield stress [3]. Line CD is specified as the
region of strain-hardening, where the strength of the material increases non-linearly with an
increase in strain until the point of maximum stress, or ultimate tensile stress.

Figure 3.4

Stress-strain diagram for low-carbon steel pulled in tension.

Yield stress and plastic (flow) stress are attributed to variables such as instantaneous
strain, strain rate, temperature, mobile dislocation density, mobile dislocation velocity, grain
size, crystal structure, and alloy composition [40]–[42]. These variables are typically grouped
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into two categories; observable variables and internal variables. Strain, strain rate, and
temperature occupy the group designated as observable as they can typically be externally
quantified during experiments. Mobile dislocation density, mobile dislocation velocity, grain
size, lattice parameters, etc. are designated as internal variables. Internal variables are highly
material dependent, difficult to quantify, and may vary significantly from one given specimen to
another of the same material. Depending on the forming processes used during manufacturing,
internal variables such as precipitate concentration, grain size, and dislocation density can vary
significantly even within a small sample of a single specimen [44]. The sections below outline
the observable and internal variables attributed to the response of low-carbon steels indicated by
Figure 3.4 and do not attempt to account for factors associated with creep or fatigue.
3.2.1

Yield Stress
The elastic response (OA) for metallic materials is typically considered a microstructure

insensitive property for isotropic materials such as low-carbon steels [40]. Before the upper yield
point, deformation is attributed to stretching of the interatomic bonds within the lattice structure.
Increases in global tensile stress intensifies the resolved shear stress around naturally occurring
dislocations within the lattice of the randomly oriented crystals. Eventually, the resolved shear
stress increases enough to overcome local barriers to dislocation slip or twinning, initiating
micro-plasticity. In materials consisting of dense atmospheres and core precipitates, i.e., lowcarbon steel, only a small amount of the locked dislocations become free around a local region of
concentrated stress [41]. Grain boundaries act as large barriers to dislocation movement causing
pile-up of dislocations and an increased local region of stress that grows to activate dislocation
sources in neighboring grains. Initiation of slip within the first few crystals is therefore followed
by a progressive yielding of other crystals as dislocation fields interact beyond the grain
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boundaries. Global stress at the initiation of slip propagation is equal to the upper yield stress
(Point A).
The upper yield stress has been found to be dependent on a variety of factors. Reducing
the grain size within the material will increase the area of grain boundaries and structural
disorder, which will increase the yield stress and overall brittleness of the material [40]. Addition
of alloying elements that lock dislocations, such as carbon and nitrogen, will increase the upper
yield stress of a material [45]. Interactions between dislocations also act as barriers to slip;
therefore, a material with higher dislocation density will require higher applied stress before
yielding [41]. The relationship between strain rate and temperature on the yield stress of lowcarbon steel has been documented experimentally by many researchers [46]–[56]. Upper yield
stress of low-carbon steel has proven to be strongly dependent on temperature and strain rate, a
characteristic that has been attributed to high lattice resistance to the glide of screw dislocations
in body-centered cubic (BCC) metals [41]. The dependence of the instantaneous stress value on
strain rate is attributed to the energy required for a dislocation to overcome a barrier to slip, or
activation energy. Thermal vibrations (thermal energy) and mechanical work completed by the
applied stress (mechanical energy) contribute to overcoming the activation energy and allowing a
dislocation to move past a barrier [41]. When temperature is low, increased mechanical energy is
required to activate the dislocation; therefore, a larger stress is required for a dislocation to move.
Likewise, when the applied strain rate is increased, the dislocations are forced to overcome
barriers within a shorter amount of time, i.e., the activation energy increases. If the temperature
remains constant, stress must increase to provide the additional mechanical energy to activate the
dislocation. In conclusion, low temperatures and/or high strain rates will increase the yield stress.
Conversely, elevated temperatures and/or low strain rates will decrease the yield stress.
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3.2.2

Yield Drop
As the stress approaches the yield point, a dislocation that would normally begin to slide

within an otherwise pure crystal is instead held in place by the local stress fields of solutes,
defects, and other dislocations. The resolved shear stress continues to rise as dislocations cannot
slip to produce the plastic deformation required to relieve it. Mobile dislocation velocity has
been directly related to the applied stress [57]; therefore, when the local stress around the
“weakest” dislocation eventually reaches the critical level needed to unlock it, a chain reaction of
both unlocking [58] and multiplication [59] of dislocations generates what is known as a Lüders
front, or Lüders band. The velocity of the Lüders front quickly outpaces the applied strain rate
and leads to a sudden drop in stress, designated as the yield drop (line AB in Figure 3.4) shortly
after initiation. Stress drops until the mobile dislocation velocity becomes slow enough for the
plastic strain rate and applied strain rate to match [41].
In modern structural steels, the percentage of dislocations that are locked is high due to
solute atoms within the interstitial solid solution; therefore, the initial amount of mobile
dislocations is low. This makes the sudden unlocking, multiplication, and slip of the dislocations
that constitute yield drop more pronounced. Thermal activation has shown to decrease the
mechanical energy required to mobilize dislocations and increase the dislocation velocity [60];
therefore, yield drop will become less pronounced at higher temperatures. The relation between
stress and dislocation velocity indicates that an increase in strain rate will increase the magnitude
of the yield drop.
3.2.3

Yield Plateau
The region designated as the yield plateau is also referred to as yield-point elongation and

is indicated in Figure 3.4 by line BC. Stress throughout the yield plateau is irregular due to the
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complex propagation of Lüders bands throughout the polycrystalline structure [45]. The bands
start in the region of the specimen where dislocations begin to slip during the onset of yield at a
stress equal to the upper yield stress. A Lüders front then propagates the plastic strain, in the
form of rapid dislocation multiplication, throughout the specimen under a near constant lower
yield stress [61]. After the Lüders bands have propagated throughout the entire length of the
specimen, the flow stress increases with strain, starting at Point C, and signifies the end of the
yield plateau [62]. Lüders band propagation is dislocation driven; therefore, as strain rate
increases, the yield plateau will shorten due to the relationships between strain rate, stress, and
dislocation velocity.
3.2.4

Strain Hardening
Region CD of Figure 3.4 indicates the strain-hardening region or work-hardening region.

Strain hardening is caused by an increase in dislocation glide resistance that occurs when
dislocations move, interact, and change distribution density [41]. Interactions between
dislocations in this region involve various forms of annihilation, junction, locking, climb, and
cross-slip [42]. The complexities of the aforementioned phenomena have inhibited the
development of an analytical theory capable of accounting for the net contributions of all the
interactions [41]. Current theories attempt to account for plastic spin (kinematics), inter-granular
work hardening (kinetics), and interactions among grains (constraints) [42]; however, many
assumptions and simplifications are still necessary. Properties of BCC metals further complicate
analytical modeling due to required assumptions such as (1) isotropic hardening and (2) constant
plastic shear strain rates over all slip systems. Dislocations within BCC metals have asymmetric
core structures; therefore, interactions between dislocations will vary significantly between slip
systems [63]. It is also understood that dislocation line tension is not constant nor isotropic, and
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the distribution of dislocations is not random [64]. These characteristics of BCC metals are
contrary to the currently required assumptions, which limits the applicability of current analytical
models.
The relationship between flow stress, temperature, and strain rate is similar to that
discussed for yielding. Increased temperatures provide thermal energy and allow dislocations to
thermally activate, reducing the amount of mechanical energy (stress) required to progress
plastic strain. Increased strain rates, however, require stresses to become larger before
dislocations will overcome barriers through mechanical energy, i.e., flow stress will increase
with rate of strain.
3.2.5

Ultimate Tensile Stress to Fracture
Strain hardening continues until stress reaches the bifurcation point at which damage has

initiated. The bifurcation point occurs at the point of maximum stress, or UTS. Necking of the
specimen will then occur. Continued loading increases the internal energy to a level where
atomic bonds begin to break, causing void nucleation and growth at points of defects and
inclusions [65]. Voids begin to coalesce as they continue to nucleate and grow either at the
microscale or macroscale [42]. The increase in void density causes local triaxial tensile stress
throughout the necking region. Total damage grows until the local stress becomes large enough
to split the remaining bonds between atoms, causing sudden fracture.
3.3

Dynamic Strength Properties of Structural Steels
As previously mentioned, sections of former protective design manuals were used to

form the current UFC. In many instances, exact words, figures, and tables were copied from
older manuals into the new. DIF values within the UFC were taken directly from TM 5-1300
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[16]. Former protective design manuals, and therefore current versions of said manuals, used
experimental data from government sponsored research projects to prescribe DIF values. Results
from those experiments were often restricted in distribution due to the Cold War or were difficult
to obtain as they were never converted into digital format. The remainder of this section will
introduce experimental results obtained from past research on the dynamic strengths of relevant
structural steels. The results are compared with currently recommended DIF values within
protective design manuals to ascertain how they were derived.
Data from past research must be interpreted within the context of the time period in
which they were collected and the methodologies that were used to collect them. Thorough
review of the references will show large discrepancies in how yield stress is defined and
quantified. Fundamentals and understanding of crystal plasticity and the effects of stress
propagation were less widespread until into the 1970s. Additionally, early loading machines and
measurement devices made it difficult to identify and quantify upper yield stress. The
combination of these factors led to the use of either the lower yield stress or average stress within
the yield plateau as the accepted criterion for quantifying the limit of elastic strength. Variance in
yield stress from dynamic experiments during that time are attributed to the propagation of
Lüders bands along the specimen after yielding. The number of Lüders bands that form, velocity
of the propagation, stiffness of the testing machine, and geometry of the experiment specimen
greatly affect the lower yield stress value obtained during a dynamic experiment [3], [45], [55],
[66]. These factors affect the yield plateau and measured lower yield stress in ways that can
produce large distribution within the reported yield stress values.
Structural analysis for protective design relies on accurate determination of the point at
which a plastic hinge will initiate in a structural member under load. The previous review of
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crystal plasticity indicated that the upper yield stress value delineates the magnitude of stress
required for plastic deformation to initiate in structural steels that exhibit discontinuous yielding.
The UFC explicitly references the increase of the yield point within the definition of the DIF. It
also prescribes dynamic yield stress values that are calculated using the ASTM specified
minimum yield stress value, which is defined by the upper yield stress. The UFC’s recommended
DIF values for reinforcing steel were developed from Malvar’s constitutive equations involving
the upper yield stress [67]. Leblois and Massonnet conducted bending and torsion experiments
on mild steel beams to the conclusion that strains remained elastic until the upper yield stress
was reached in the most stressed fibers [68]. These findings, along with the understanding that
the upper yield stress delineates the initiation of plastic deformation, indicate that upper yield
stress values should be used when identifying the dynamic yield stress. Presentation of data
within this section will differentiate upper from lower yield stress results if it could be discerned
from the listed reference.
Figure 3.5 shows the dramatic effect that strain rate has on the yield stress of mild steel.
Mild (low carbon) steel is a broad classification of steels that typically have carbon contents of
less than 0.25% by weight and static yield stresses that vary depending on manufacturing
practice and chemical composition. Specifying a dynamic design stress based on such a general
classification as “mild steel” would incorporate large uncertainties within dynamic analysis;
therefore, more detailed specifications of steel are typically prescribed for structural design.
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Figure 3.5

Yield stress of mild steel at various strain rates. [56], [68]–[80]

Early protective design manuals recommended the use of ASTM A7 steel. Design
manuals of the U.S. Army Corps of Engineers [15] and Air Force [13] provided curves that
specified the dynamic yield stress based on the calculated time for a member to reach yield. A
technical report by Healey et al. [17] and the Department of Energy (DOE) manual [20] instead
provided DIF values over a range of strain rates for calculation of the dynamic yield stress. The
Department of Defense design manual [18] recommended a constant dynamic yield stress for
structural analysis. Documentation of the actual experiments conducted to develop these curves
could not be found; however, an article by Hammer and Dill [81] presented data points that were
used for creating the dynamic yield stress curve within [15]. The aforementioned design curves
are provided in Figure 3.6 along with experimental data from Massard and Collins [82].
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Figure 3.6

Design recommendations and experimental results for the yield stress of A7 steel
at various strain rates. [13], [15], [17], [18], [20], [81], [82]

The use of A7 steel for construction diminished as continued development within the
steel manufacturing industry led to A36 steels becoming more prevalent and cost effective.
Design manuals were updated to allow engineers to efficiently use the A36 steel in protective
design. Dynamic yield stress was calculated as prescribed within the various protective design
manuals and plotted within Figure 3.7 along with experimental data that was obtained on A36
steel. Steel tested by Stewart et al. [83] indicated an uncharacteristically high static yield stress,
as indicated by the results at a rate of 0.00001 s-1. Comparison of Cowell’s lower yield stress
results [84] to the UFC design curve indicates the possible source of the current recommended
DIF values for A36 steel.
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Figure 3.7

Design recommendations and experimental results for the yield stress of A36 steel
at various strain rates. [2], [17], [19], [20], [83]–[86]

The ASTM specifications for A572 and A992 were first issued in 1966 and 1998,
respectively; however, limited guidance is available for their use in plastic design. Figure 3.8
shows results of experiments conducted on A572-50 steels and recommended dynamic yield
stresses from the DOE [20] and AISC [14] protective design manuals. Mirmomeni et al.
conducted experiments on AS3678 Grade 350 (MPa) hot rolled mild steel plates that were stated
to be approximately equivalent to A572-50 structural steel [87]. Likewise, the ExTen 50 steel
tested by Cowell was explicitly selected to represent A572-50 [84].
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Figure 3.8

Yield stress of A572-50 steel over a range of strain rates. [14], [20], [84], [87]–[89]

The data and guidance provided within this section highlights large discrepancies
between yield stress values obtained from experimental results and those calculated with
formulas provided within most protective design manuals. Only two references were found to
closely represent experimental values. The first was the USACE dynamic yield stress curve
provided for A7 steel [15], which closely matched experimental results shown by Hammer and
Dill [81]. However, the experimental results were merely a presentation of values with unknown
origin. The second was the current UFC curve for A36 steel, reused from TM 5-1300 [16]. Yield
stress values calculated with the A36 DIF curve closely follow a second-order polynomial curve
fit of Cowell’s lower yield stress experimental data [84] on a log-linear plot (Figure 3.9).
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.
Figure 3.9

3.4

Comparison of dynamic yield stress values from the UFC [2] and Cowell’s
experimental data [84].

Summary
Dynamic structural analysis methods highlighted the importance of accurately

determining the yield stress of materials used within protective design. The range of strain rates
applicable to both the high- and low-pressure ranges was provided by a review of protective
design manuals. Formulas within the UFC that are used to predict the dynamic yield stress of
structural steels were identified. Fundamentals of crystal plasticity theories were studied to
identify relevant variables of the desired material strength properties. Lastly, former and current
guidance for predicting dynamic yield stress were compared to past experimental results to
determine how previous DIF curves were constructed.
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CHAPTER IV
EXPERIMENTAL PROCEDURE
The following chapter supplies details of the experimental procedure to include specifics
on the parent material, specimen design and fabrication, loading machines, instrumentation, and
data analysis. Table 4.1 lists the target strain rates and their respective designations. These rates
were specifically chosen to bracket the rates indicated within Table 3.4 that were provided by the
UFC.
Table 4.1

Target strain rates for dynamic experiments.

Target Strain Rate (s-1)
0.00002
0.002
0.05
0.2
2

4.1

Experiment Designation
Static Rate (SR)
Dynamic Rate 1 (DR1)
Dynamic Rate 2 (DR2)
Dynamic Rate 3 (DR3)
Dynamic Rate 4 (DR4)

Material Specimen
Two 4x8 ft A572-50 steel plates of nominal 3/8-in. thickness were procured from a single

heat. The certified MTR, located in Appendix D, indicated the plates also met the specifications
of ASTM A709-50 [90]. Three 20-ft-long S12x31.8 beams of A992 steel from a single heat were
also obtained for the experiments. The beam size was chosen due to the geometry of the web,
which had a nominal thickness of 0.35 in., roughly equal to that of the A572-50 plate. The height
of the web allowed for two specimens of uniform thickness to be cut per unit length of the beam.
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The MTR for the A992 steel (Appendix D) indicated the beam also met specifications of ASTM
A6 [91], A709-50, A572-50, and A36. The chemical composition of the acquired material is
listed in Table 4.2, as specified by the MTRs.
Table 4.2
Alloy
C
Mn
P
S
Si
Al
Cu
Ni
Cr
Mo
Cb/Nb
V
Ti

Chemical composition of tested materials (weight percent).
A572-50 Plate
0.17
1.04
0.009
0.002
0.19
0.027
0.22
0.19
0.12
0.07
0.001
0.042
0.002

A992 Beam
0.07
1.21
0.01
0.022
0.2
0.001
0.28
0.1
0.1
0.048
0.001
0.031
-

The full thickness of the parent material was used for the specimens. The dog-bone
shapes of A572-50 were each water-jet cut so that the longitudinal axis of the specimens was
transverse to the length of the plate. Bolt holes for the grips were drilled using a Computer
Numerical Control (CNC) machine to facilitate high-precision axial alignment of the tensile
specimens with the applied load. A992 specimens were cut from the web of the S-shape.
Specimen geometry for both the A572-50 and A992 steels is shown in Figure 4.1 and conforms
to tolerances prescribed in E8 [3]. Static rate specimens were waterjet cut into standard sheettype geometries provided within E8 Section 6.2 [3]. Figure 4.2 provides a size comparison of the
static and dynamic rate specimen.
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Figure 4.1

Dynamic uniaxial tension specimen geometry.

Figure 4.2

Static (top) and dynamic (bottom) uniaxial tension specimens.

4.2
4.2.1

Equipment
Static Rate Loading Apparatus
ERDC’s Instron 33R4206 Universal Testing System (Figure 4.3) was used to conduct the

static rate, uniaxial tension experiments at room temperature. An integrated optical extensometer
was used to record elongation over time. The apparatus allowed controlled-rate tension at an
average elastic strain rate of approximately 0.00002 s-1.
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Figure 4.3

4.2.2

Instron uniaxial tension testing machine used for static rate experiments.

Dynamic Rate Loading Apparatus
ERDC’s 200-kip-capacity hydraulic loader (Figure 4.4) was used to conduct the dynamic

rate, uniaxial tension experiments at room temperature. This loader has been employed by ERDC
to conduct dynamic experimentation on reinforcing steel, splices, and fasteners since the 1960s
[92]–[94] and remains the approved validation apparatus for the dynamic testing of mechanical
splices for reinforcing steel used in protective design [2].
The device was pressurized by pumping compressible silicon oil into the top and bottom
pressure chambers. Fluid in the top chamber was maintained at a slightly higher pressure in order
to sustain a tensile preload (50-1,000 lbf) on the specimen. The measured preload ensured
alignment of the specimen through the bolted connections and also seated the top reaction stem
pivot joint to further ensure axial alignment. Once the desired fluid pressure was obtained, a
31

quick-opening valve leading to an empty expansion tank was opened. Pressure in the lower
chamber dropped rapidly, allowing the piston to translate downward and apply a uniaxial tensile
load to the specimen attached above. Flow rate of the fluid in the lower chamber into the
expansion tank was controlled by an adjustable orifice and was the main variable in changing the
loading rate applied to the specimen.
The adjustable orifice allows for specimen strain rates of approximately 0.001 to 4 s-1;
however, the limits are dependent upon specimen geometry, specimen stiffness, and oil pressure.
The lowest strain rate recorded during experimentation was 0.002 s-1 with the smallest obtainable
orifice diameter, and the highest was 2.91 s-1 with the largest orifice diameter. The obtainable
range of strain rates was adequate for bracketing the rates provided in Table 3.4.

Figure 4.4

ERDC’s 200-kip-capacity hydraulic dynamic loading machine.
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4.3

Instrumentation
Load, acceleration, and strain gauge data were recorded using a Hi-Techniques Echelon,

Model EM-HS data acquisition system. The sections below explain the instrumentation
hardware, application, and analysis. Table 4.3 lists the different instrumentation and the sampling
frequencies for the different strain rates. Figure 4.5 shows the positioning of the instrumentation
with respect to the specimen. Sampling frequency was determined during calibration
experiments conducted at each strain rate before experiments of record were conducted. The
calibration experiments also verified that the pressure levels and orifice setting of the dynamic
loader would provide the desired strain rate, consistently.
Table 4.3

Instrumentation employed for DIF experiments at the tested rates.

Strain Rate
SR: 0.00002 s-1
DR1: 0.002 s-1
DR2: 0.05 s-1
DR3: 0.2 s-1
DR4: 2 s-1

Load

Acceleration

Displacement
Integrated
Integrated
Optical
Load Cell
Extensometer
Top and
High-Speed
Bottom Load
Camera
Cell
(120 fps)
Top and
Top and
High-Speed
Bottom Load
Bottom
Camera
Cell
Accelerometer
(1,500 fps)
Top and
Top and
High-Speed
Bottom Load
Bottom
Camera
Cell
Accelerometer (13,000 fps)
Top and
Top and
High-Speed
Bottom Load
Bottom
Camera
Cell
Accelerometer (13,000 fps)
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Strain

Sample Freq.

-

10 Hz

-

1 kHz

-

10 kHz

-

50 kHz

Strain
Gauge

1,000 kHz

Figure 4.5

4.3.1

Schematic of experiment assembly (A) and dynamic specimen loaded into grips
(B).

Strain
Axial deformation was measured using a Phantom Miro 320S high-speed (HS) camera.

The HS camera recorded locations of the gauge marks from the time the valve of the loader was
opened until fracture of the specimen. Video was uploaded into Image System’s TEMA 2D
software [95], which incorporated an optical extensometer feature that tracked each gauge mark
location, represented by a single pixel, frame by frame throughout the length of the video.
TEMA then output the distance between gauge marks (elongation) with respect to time and was
used to calculate engineering strain. The average strain rate was determined by calculating the
slope of the strain-time data in the elastic deformation region.
Quadrant markers were added to the specimen to enhance the tracking capabilities of the
TEMA software (Figure 4.6). As previously mentioned, the software tracked single points, the
34

upper and lower quadrant crosses, as they moved from pixel to pixel. The pixel length was set by
the vertical resolution of the HS camera recording and the distance between the tracked points.
The vertical resolution was set to the maximum of 1,200 pixels, which provided an elongation
measurement accurate to approximately 0.00105 in., or 185 microns of strain, for the rates of
DR1 and DR2. The collection rate was increased for experiments at higher strain rates, forcing
the vertical resolution to be reduced to 904 pixels, which allowed an accuracy of 0.00155 in. for
elongation and 255 microns for strain. TEMA software was calibrated to remove error due to
lens distortion using the prescribed lens calibration guidelines [95].
The specimens tested at DR4 yielded within 1 ms. Bonded strain gauges were
implemented at this rate to obtain high resolution strain data until yield to supplement the HS
camera data. Strain gauges were also applied to specimens used for strain rate calibration. For
these specimens, the mill scale was removed from the parent material. Approximately 0.006 in.
(< 2% of thickness) of material was removed by machining across the entire gauge region
(Figure 4.7), which allowed application of the strain gauge to the exposed steel at the center of
the gauge region (Figure 4.6).

Figure 4.6

A572-50 specimen with strain gauge and quadrant markers.
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Figure 4.7

4.3.2

A572-50 specimen with machined gauge region to allow application of strain
gauge.

Force
Force was measured using two load cells in series with the 200-kip loader ram. The load

cells were made from AISI 4130 quenched and tempered steel with a minimum yield stress of
100 ksi. The bridge network used on each load cell consisted of eight strain gauges installed in
pairs on the quarter points, midway in the necked down portion of the load cell. For each pair,
one gauge measured axial strain, and the other measured Poisson’s effect. The active gauges
were on the opposite sides of the bridge topology with the adjacent Poisson gauges electrically
connected on opposite sides as well. The result was an eight-gauge Wheatstone bridge with
ladder resistor. Calibration of the load cells was conducted by placing both in series with a precalibrated, manufactured load cell as shown in Figure 4.8. The load cells were statically
calibrated to a maximum load of 200 kip.
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Figure 4.8

4.3.3

Load cell before instrumentation (A), and load cell calibration configuration (B).
Top accelerometer mounted onto specimen grip (C).

Acceleration
Two Meggit 7280A accelerometers were used to record acceleration during the

experiments conducted at DR2 and higher. The data recorded from these devices allowed
quantification of inertial load effects to be removed from the load-versus-time history.
Accelerometers were mounted in an orientation that measured positive acceleration in the
upward direction (Figure 4.8). Large accelerations developed after specimen fracture were
considered when selecting the accelerometers. 6,000-g gauges were used for DR2, and 20,000-g
gauges were used for DR3 and DR4.
4.4
4.4.1

Force Analysis and Data Reduction
Inertial Force Correction
Newton’s second law explains that, when force is applied to objects with mass, inertial

forces develop to resist the impending motion. If the objects have a large mass or if the
accelerations are high, these inertial forces become quite significant. When the tension ram of the
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loading machine began to rapidly load the specimen through the lower grip, the mass of the grip
and specimen resisted the downward acceleration. Increased force was required to overcome this
inertial resistance and to begin pulling the lower grip and half of the specimen downward to
apply tension. The lower load cell recorded, as one total force, both the applied force to the
specimen and the force required to overcome inertia. Inertial force was subtracted from the
bottom load cell history to calculate the corrected force applied to the specimen. Contrarily,
inertial force was added to the top load cell history to calculate the corrected force applied to the
fixed boundary. An uncoupled spring-mass model (Figure 4.9) was used to develop the required
force correction equations. Equilibrium equations (Equations 4.1-4.3) were listed to solve for the
corrected force applied to the specimen, starting from the fixed boundary.

Figure 4.9

Diagram of uncoupled spring-mass model used for inertial force correction.

38

𝑘2 (𝑥2 − 𝑥1 ) = 𝑀1 𝑎1 + 𝑘1 𝑥1

(4.1)

𝑘3 (𝑥3 − 𝑥2 ) = 𝑀2 𝑎2 + 𝑘2 (𝑥2 − 𝑥1 )

(4.2)

𝐹 (𝑡) = 𝑀3 𝑎3 + 𝑘3 (𝑥3 − 𝑥2 )

(4.3)

where
F(t) = applied force as function of time, lbf
M1 = mass of top specimen grip and half of the material specimen, lbm
M2 = mass of bottom specimen grip and half of material specimen, lbm
M3 = mass of tension ram and piston, lbm
ai = acceleration of Mi, g
k1 = spring constant of upper reaction member, lbf/in.
k2 = spring constant of specimen, lbf/in.
k3 = spring constant of tension ram and piston, lbf/in.
xi = displacement of Mi, in.

Equation 4.1 represents the corrected force on the specimen using the top load cell and
acceleration data. Equation 4.2 was rearranged to determine the corrected load using the bottom
load cell and acceleration data to provide Equation 4.4.

𝑘2 (𝑥2 − 𝑥1 ) = 𝑘3 (𝑥3 − 𝑥2 ) − 𝑀2 𝑎2
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(4.4)

Since the accelerometers were mounted in an orientation that recorded positive
acceleration in the upward direction, accelerations in Equations 4.1 and 4.4 were corrected by
switching the signs of a1 and a2 to form Equations 4.5 and 4.6, respectively. Substitution
provided Equation 4.7, which stated that the calculated force using the top data records for force
and acceleration should theoretically be equal to the calculated force using the bottom data
records. Experiments conducted at SR and DR1 produced accelerations of insignificant
magnitudes, which were therefore neglected.

4.4.2

𝑘2 (𝑥2 − 𝑥1 ) = 𝑘1 𝑥1 − 𝑀1 𝑎1

(4.5)

𝑘2 (𝑥2 − 𝑥1 ) = 𝑘3 (𝑥3 − 𝑥2 ) + 𝑀2 𝑎2

(4.6)

𝑘1 𝑥1 − 𝑀1 𝑎1 = 𝑘3 (𝑥3 − 𝑥2 ) + 𝑀2 𝑎2

(4.7)

Stress-Strain Diagrams and Material Strength Properties
The average of the top and bottom corrected forces was divided by the original cross

section of the specimen to calculate engineering stress. Strain was determined from the
elongation data as described in Chapter 4.3.1. Stress was plotted as a function of strain to
develop a stress-strain diagram for each experiment. The following material strength properties
were calculated as instructed within E8. Upper yield stress was determined as the stress
corresponding to the maximum force at the onset of discontinuous yielding (Section 7.7.3 [3]).
Lower yield stress was determined using the minimum stress observed during discontinuous
yielding (Section 7.7.3 [3]). The maximum force applied to the specimen during the experiment
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was divided by the original cross-sectional area to calculate UTS (Section 7.10 [3]). All
measured strength properties were rounded to the nearest 0.1 ksi.
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CHAPTER V
EXPERIMENTAL RESULTS
Eight static-rate experiments were originally conducted for each steel. Six more were
later needed to verify the static properties of an additional A992 beam that was needed to
complete the dynamic experiments. A minimum of five experiments were conducted at each
dynamic rate. Table 5.1 lists the actual number of experiments conducted for each target strain
rate. Stress-strain diagrams for each experiment are provided in Appendix A and Appendix B for
A572-50 and A992, respectively. Experiment designations followed a convention of [Rate][Specification]-[#], e.g., experiment DR2-572-1 was the first experiment conducted on A572-50
steel at DR2.
Table 5.1
Material

A572-50

A992

Number of experiments conducted at each target strain rate.
Target Strain Rate (s-1)
0.00002 (SR)
0.002 (DR1)
0.05 (DR2)
0.2 (DR3)
2 (DR4)
Total
0.00002 (SR)
0.002 (DR1)
0.05 (DR2)
0.2 (DR3)
2 (DR4)
Total

# Experiments
8
5
8
5
6
32
14
5
7
5
10
41
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In some cases, additional dynamic experiments were conducted to compensate for
specimens that fractured on gauge marks. Later comparison of force data between specimens that
fractured on gauge marks and those that did not indicated no identifiable impact on yield stress
or UTS; therefore, results from these experiments were included within the analysis. Ductility
properties for the specimen that fractured on gauge marks were uncharacteristically low and
were not included in percent elongation or reduction of area analysis. Dynamic experiments
DR2-572-1 and DR2-572-2 did not fracture the specimen; however, the stress-strain data
indicated that loading beyond the UTS had been obtained. Dynamic strength properties of these
specimen were included within the results.
The accelerometers, load cells, strain gauges, and HS camera performed properly
throughout all reported experiments. Recalibration of the load cells was performed at the
midpoint and conclusion of the experiments. No change was observed in signal sensitivity,
which indicated that the load cells maintained calibration throughout all experiments.
Least-squares regression was used to develop a bi-linear curve fit to represent the
material strength data on a log-linear, stress-strain rate plot (Figure 5.1). Tables listing measured
material properties for each experiment are located in Appendix C. Average material strength
values and standard deviations for each target strain rate are listed in Tables 5.2 and 5.3. Strain
rates were not identical between experiments; however, the dynamic yield and UTS values were
obtained without significant distribution when grouped by target strain rate. Standard deviation
for the static yield stress was 0.27 ksi for A572-50 and 1.38 ksi for A992. The static UTS
standard deviation was 1.43 ksi for A572-50 and 0.48 ksi for A992. Standard deviations for the
dynamic-rate experimental results were of a similar order of magnitude as the static-rate results,
indicating that variances were not likely caused by the dynamic-rate experimental procedure.
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Both steels exhibited a slight increase in ductility with an increase in strain rate. Figure
5.2 shows a similar bi-linear trend for the increase in percent elongation and percent reduction of
area with increase in strain rate.

Figure 5.1

Measured yield stress (A) and UTS (B) of A572-50 and A992 steels at increasing
strain rates.

Table 5.2

Average material strength properties of A572-50 at increasing strain rates.

Target Strain Rate
(s-1)
0.00002 (SR)
0.002 (DR1)
0.05 (DR2)
0.2 (DR3)
2 (DR4)

Standard
Deviation
Strain rate
(s-1)
2.3E-06
9.4E-05
5.9E-03
2.1E-02
1.8E-01

Average
Yield Stress
(ksi)
61.5
65.7
69.8
71.7
83.5
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Standard
Deviation
Yield Stress
(ksi)
0.27
1.37
1.20
1.24
0.85

Average
UTS
(ksi)

Standard
Deviation
UTS (ksi)

81.9
85.4
87.5
89.8
97.9

1.43
0.36
0.42
0.55
0.90

Table 5.3

Average material strength properties of A992 at increasing strain rates.

Target Strain Rate
(s-1)
0.00002 (SR)
0.002 (DR1)
0.05 (DR2)
0.2 (DR3)
2 (DR4)

Figure 5.2

Standard
Deviation
Strain rate
(s-1)
5.3E-06
1.9E-04
3.9E-03
1.6E-02
3.1E-01

Average
Yield Stress
(ksi)
54.0
60.3
64.3
67.6
78.1

Standard
Deviation
Yield Stress
(ksi)
1.38
1.13
1.20
0.70
1.00

Average
UTS
(ksi)

Standard
Deviation
UTS (ksi)

68.9
71.6
73.9
76.2
83.4

0.48
0.53
0.27
0.18
0.39

Measured ductility properties of A572-50 and A992 steel at increasing strain rates.

The dynamic yield stress results were used to calculate DIF y values for each experiment.
Solving Equation 3.3 for DIFy, provided Equation 5.1. Normalized SIF values, SIFnorm, were
determined by dividing the average static yield stress values by the specified minimum yield
stress of 50 ksi, e.g., the average static yield stress for the A572-50 steel was 61.5 ksi, which was
divided by 50 ksi to provide a SIFnorm of 1.23. For the A992 steel, SIFnorm was 1.08. DIFu values
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for each experiment were obtained using Equation 5.2, where σu,avg was the average static UTS
for each steel. Figure 5.3 shows the DIF values calculated from the experimental data.

𝐷𝐼𝐹𝑦 =

𝜎𝑑𝑦
(𝑆𝐼𝐹𝑛𝑜𝑟𝑚 )(𝜎𝑦 )

𝐷𝐼𝐹𝑢 =

Figure 5.3

𝜎𝑑𝑢
𝜎𝑢,𝑎𝑣𝑔

DIF values for yield stress (A) and UTS (B).
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(5.1)

(5.2)

CHAPTER VI
DISCUSSION
6.1

Analysis of Results
The increased ductility of the steels with strain rate was a result of the increased internal

heat generation caused during plastic deformation at higher rates. Higher rate deformation
generated more heat within the specimen and allowed less time for the transfer of the heat to the
surrounding environment. Caution should be taken when analyzing stress and strain at rupture
for the DR4 experiments. Acceleration near impending failure increased dramatically, creating
inertial forces that could not be accurately corrected. These forces masked the rapid decrease in
load that would typically indicate failure of the specimen on a load versus time plot. Strain at
failure was similarly difficult to analyze from the strain versus time data, as the strain rate was
significantly large in the plastic deformation region (1000 s-1). Determination of fracture was
made from HS camera footage. Each frame corresponded to a 0.07 ms increment in time at DR4,
and initial signs of rupture were sometimes difficult to identify; therefore, it is highly probable
that the stress and strain at fracture are not represented accurately in the stress-strain plots for the
DR4 experiments. The elongation after fracture data provided within Appendix C should be
considered instead of using the stress-strain diagrams to determine the ductility properties of the
steels at this strain rate.
Experimental results indicated that inertial forces could not be neglected for target strain
rates of 0.05 s-1 and above. Figure 6.1 demonstrates effect of inertia on the recorded force history
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and shows the effectiveness of the correction procedure outlined in Chapter 4. The bottom load
cell experienced a maximum acceleration four times the amount recorded by the top; therefore, a
larger correction was required when processing data from that location. The average of the
corrected loads is shown in Figure 6.2 (A) and was used for the calculation of engineering stress.
Figure 6.2 (B) compares the stress-strain diagram using data from the same experiment, with and
without the inertial load correction. This example demonstrates how measured material strength
properties would have been significantly larger if inertial forces were neglected during the
higher-rate experiments.

Figure 6.1

Inertial force correction using top instrumentation (A) and bottom instrumentation
data (B) from a single experiment at DR4.

Stress wave propagation was neglected in the methodology used for these experiments;
however, there became a noticeable effect on the measured response at DR4. For these
experiments, the stress-strain diagrams exhibited oscillations after yielding even with inertial
load correction (Figure 6.2 (B)). Fluctuations in the recorded load can be explained by the
propagation of Lüders bands through the specimen. The sudden drop in load associated with
yield drop caused a stress propagation wave that was transferred to the tension ram and reaction
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stem of the loader above and below the specimen as the Lüders front reached each grip. The
stress wave was confirmed through the acceleration records, which showed that maximum
acceleration until the point of fracture was recorded at the time of yield drop (Figure 6.1). The
two stress waves traveled the length of the loader components and reflected off the free surfaces
at the top and bottom throughout the remainder of the experiment. These stress waves were out
of phase as the lengths of the reaction stem and the tension ram were different. Also, damping
effects for the tension ram were larger due to the interaction with the compressible silicon oil. In
conclusion, corrections to the load records for propagating stress waves could not be accurately
made with the experimental procedure that was used. Effects of stress wave propagation on the
upper yield stress and UTS measurements at DR4 are negligible; however, the lower yield stress
and yield plateau regions of the stress-strain diagrams were significantly masked. If DIF data
were desired for strain rates larger than those studied during this research (>10 s-1), stress wave
propagation factors would likely have a much greater influence on the material response and
would have to be accounted for within the procedure and analysis.

Figure 6.2

Corrected load comparison for the data shown in Figure 6.1 (A), and
corresponding stress-strain diagram with and without inertial load correction (B).
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6.2

DIF Values
Experimental data for both the yield and ultimate DIF values exhibited bi-linear trends

with a transition in slope between rates of 0.2 and 2 s-1. Change in strain rate sensitivity,
represented by the change in slope of the DIF curves, has been documented for many materials
[48], [69], [96]–[99] and is associated with different regions of rate sensitivity. Figure 6.3 depicts
an example of yield stress sensitivity regions with respect to strain rate and temperature for lowcarbon steels. Transition from one region of rate sensitivity to another is material specific and
driven by internal variables discussed within Chapter 3, e.g., thermal activation of dislocations.
Acquisition of additional yield stress data between the rates of DR3, DR4, and beyond would
provide increased resolution of the strain rate sensitivity in the transformation region of these
steels.

Figure 6.3

General regions for yield stress sensitivity of steel to strain rate and temperature
[97].

Red dot indicates the strain rate and temperature at which the transition within the bi-linear
experimental curves was experienced.
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The static yield stress of the A572-50 (61.5 ksi) was substantially greater than that of the
A992 (54 ksi), even though both steels have a minimum specified yield stress of 50 ksi. The
difference in static yield stress likely explains why A992 displayed higher strain-rate sensitivity,
as previous research has shown an inverse relation between DIFy and static yield stress [84],
[98], [100]. Malvar [67] formulated a constitutive model by conducting linear regression analysis
on experimental results [96], [101]–[105] of A15, A432, and A615 reinforcing steels of different
grades. DIF values for both yield stress and UTS are predicted using a parameter, α, based on the
static upper yield stress of the reinforcing steel. Malvar’s equations are shown below in
Equations 6.1-6.3.

𝜀̇ 𝛼
𝐷𝐼𝐹 = ( −4 )
10

(6.1)

Where α is determined separately for yield stress, ασy, and UTS, ασu.

𝛼𝜎𝑦 = 0.074 − 0.04

𝜎𝑦
60

(6.2)

𝜎𝑦
60

(6.3)

𝛼𝜎𝑢 = 0.019 − 0.009

These formulas were used to develop DIF curves for reinforcing steel that are currently
within the UFC. Experimental DIF values for the tested structural steels were compared to
Malvar’s approximation formula for reinforcing steel in Figure 6.4. Differences between the
experimental results and the values derived from Equation 6.1 can be attributed to the linear
nature of the constitutive model with respect to the logarithmic axis. Yield stress and UTS
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sensitivity will continue to increase with strain rate; however, this effect is neglected within
Equation 6.1.

Figure 6.4

Comparison of experimental DIF values of structural steel and Malvar’s
constitutive equation for reinforcing steel.

DIFy values are compared in (A), and DIFu values are compared in (B).
DIFy curves developed from the experimental data were added to Figure 5-2 of the UFC
[2] and shown in Figure 6.5. It is not certain how the A36 and A514 design curves were
formulated; however, the author believes that Cowell’s lower yield stress results [84] were used
for A36. It is logical for the DIFy curves for A572-50 and A992 to lie between those of A36 and
A514 due to the difference in minimum specified yield stress values.
It is unclear why Cowell used the lower yield stress values to calculate the DIF for yield
in these steels. However, the upper yield stress values obtained using Cowell’s loading machine
and instrumentation showed a higher strain rate sensitivity than would be expected (see Figure
3.7). Further review of Cowell’s reports and TR-331 [104], [106], [107], which detail the loading
machine and data collected for those experiments, indicated that acceleration of the specimen
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grips was not recorded. There was also no mention of inertial load correction, which would
require acceleration data. Lack of inertial load correction would generate errors in load values
that increased with strain rate and is the most probable reason that Cowell’s DIFy values deviate
from the current test results as strain rate increases. Review of Figure 6.2 (B) indicates how the
lower yield stress values for an uncorrected stress-strain curve could match closely to the upper
yield stress value for a corrected stress-strain curve through coincidence alone. This coincidence
could explain why Cowell’s lower yield stress values and proposed DIFy curve in Figure 6.5 (B)
matched closely to the DIFy values calculated from the measured upper yield stresses in this
research.

Figure 6.5

6.3

Comparison of DIFy values of A572-50 and A992 calculated from Equation 5.1
and values of A36 and A514 provided by the UFC (A), and a comparison of DIFy
values from experimental data (B).

Application of Developed DIF Curves
DIFy curves developed in Chapter 5 were used to calculate dynamic design stress for

using Equation 3.3. A comparison between the design and experimental yield stress values is
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shown in Figure 6.6. Dynamic design stress values for A572-50 steel were 15% lower than
experimental values. Contrarily, the design values for A992 were 2-3% larger than the
experimental values. Differences are attributed to the average static yield stress of the steel
obtained for this research and the recommended SIF values with the UFC. The A572-50 steel
had an average static yield stress of 61.5 ksi, which was 23% larger than the specified minimum
value of 50 ksi. The static yield stress for the A992 specimens averaged 54 ksi, only 8% larger
than the specified minimum value of 50 ksi. The UFC recommends SIF values of 1.1 for both
steels, which generated the differences in predicted values when compared to the experimental
results.

Figure 6.6

Comparison between dynamic design stresses calculated using Equation 3.3 and
experimental results.
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Both A572-50 and A992 have a specified minimum UTS of 65 ksi. Measured values
were 26% and 6% larger than the specified minimum for A572-50 and A992, respectively.
Despite the significant difference in static UTS, there remained less than a 3% difference
between the developed DIFu curves. Equation 3.4 was used to calculate the dynamic design
stresses shown in Figure 6.7. The method used to formulate Equation 3.4 is unknown; however,
it shows clear limits to the applicability of the dynamic design stress derived from this equation.
Figure 6.7 shows that it is more economical to design structures with Equation 3.3 when
predicted strain rates are larger than approximately 3 s-1 for A572-50 and A992 steels. For A36,
this limit is reached at 10 s-1. It is counterintuitive to recommend a lower dynamic design stress
for a structure that can deform to a greater degree. An increased understanding of the concepts
used to derive Equation 3.4 would be required to further analyze the applicability of the DIFu
results from this research.

Figure 6.7

Dynamic design stresses for structural steel calculated using Equations 3.3 and 3.4.
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CHAPTER VII
CONCLUSION
Results of an experimental program on the dynamic mechanical properties of ASTM
A572-50 and A992 structural steels at elevated strain rates were presented along with the
experimental techniques and procedures. Static-rate, uniaxial tensile experiments were conducted
at a strain rate of 0.00002 s-1, and dynamic-rate, uniaxial tensile experiments were conducted at
increasing strain rates of 0.002, 0.05, 0.2, and 2 s-1. Results of the experiments allowed
development of DIF versus strain rate curves for both yield stress and UTS of each steel.
It was determined that the load-carrying capacity for both A572-50 and A992 structural
steel will increase with strain rate. A992 steel exhibited a slightly larger DIF for yield stress than
A572-50 (4 to 7% difference), but less than 3% difference for UTS. A572-50 steel exhibited an
increase in yield stress up to 35% and UTS up to 20% as strain rate increased. A992 steel
exhibited a similar increase in yield stress up to 45% and UTS up to 20%. Strain rate sensitivity
for yield stress and UTS increased for both steels with increased strain rates, which was
represented by the change in slope of the bi-linear DIF curves between the rates of 0.2 and 2 s-1.
Data obtained from these experiments will allow engineers to efficiently design structural
steel members to resist dynamic loadings using more modern and readily available steels;
however, limits were found in the applicability of the dynamic design stress equations provided
within the UFC. Additional research is recommended to determine the effects of increasing the
SIF value for A572-50 steel to better represent the amount of strength typically achieved, as
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under predicting yield stress can lead to un-conservative connection design. It is also
recommended that a more thorough background investigation be conducted regarding the
methodology used to develop the dynamic design stress equations, as values that are provided
within the UFC indicate that structures designed for larger allowable ductility ratios are achieved
less efficiently as strain rate increases.
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APPENDIX A
STRESS-STRAIN DIAGRAMS FOR A572-50
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Figure A.1

Stress-strain diagram for experiment SR-572-1.

Figure A.2

Stress-strain diagram for experiment SR-572-2.
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Figure A.3

Stress-strain diagram for experiment SR-572-3.

Figure A.4

Stress-strain diagram for experiment SR-572-4.
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Figure A.5

Stress-strain diagram for experiment SR-572-5.

Figure A.6

Stress-strain diagram for experiment SR-572-6.
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Figure A.7

Stress-strain diagram for experiment SR-572-7.

Figure A.8

Stress-strain diagram for experiment SR-572-8.
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Figure A.9

Stress-strain diagram for experiment DR1-572-1.

Figure A.10 Stress-strain diagram for experiment DR1-572-2.
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Figure A.11 Stress-strain diagram for experiment DR1-572-3.

Figure A.12 Stress-strain diagram for experiment DR1-572-4.
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Figure A.13 Stress-strain diagram for experiment DR1-572-5.

Figure A.14 Stress-strain diagram for experiment DR2-572-1.
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Figure A.15 Stress-strain diagram for experiment DR2-572-2.

Figure A.16 Stress-strain diagram for experiment DR2-572-3.
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Figure A.17 Stress-strain diagram for experiment DR2-572-4.

Figure A.18 Stress-strain diagram for experiment DR2-572-5.
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Figure A.19 Stress-strain diagram for experiment DR2-572-6.

Figure A.20 Stress-strain diagram for experiment DR2-572-7.
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Figure A.21 Stress-strain diagram for experiment DR2-572-8.

Figure A.22 Stress-strain diagram for experiment DR3-572-1.
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Figure A.23 Stress-strain diagram for experiment DR3-572-2.

Figure A.24 Stress-strain diagram for experiment DR3-572-3.
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Figure A.25 Stress-strain diagram for experiment DR3-572-4.

Figure A.26 Stress-strain diagram for experiment DR3-572-5.
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Figure A.27 Stress-strain diagram for experiment DR4-572-1.

Figure A.28 Stress-strain diagram for experiment DR4-572-2.
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Figure A.29 Stress-strain diagram for experiment DR4-572-3.

Figure A.30 Stress-strain diagram for experiment DR4-572-4.
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Figure A.31 Stress-strain diagram for experiment DR4-572-5.

Figure A.32 Stress-strain diagram for experiment DR4-572-6.
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APPENDIX B
STRESS-STRAIN DIAGRAMS FOR A992
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Figure B.1

Stress-strain diagram for experiment SR-992-1.

Figure B.2

Stress-strain diagram for experiment SR-992-2.
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Figure B.3

Stress-strain diagram for experiment SR-992-3.

Figure B.4

Stress-strain diagram for experiment SR-992-4.
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Figure B.5

Stress-strain diagram for experiment SR-992-5.

Figure B.6

Stress-strain diagram for experiment SR-992-6.
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Figure B.7

Stress-strain diagram for experiment SR-992-7.

Figure B.8

Stress-strain diagram for experiment SR-992-8.
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Figure B.9

Stress-strain diagram for experiment SR-992-9.

Figure B.10 Stress-strain diagram for experiment SR-992-10.
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Figure B.11 Stress-strain diagram for experiment SR-992-11.

Figure B.12 Stress-strain diagram for experiment SR-992-12.
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Figure B.13 Stress-strain diagram for experiment SR-992-13.

Figure B.14 Stress-strain diagram for experiment SR-992-14.
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Figure B.15 Stress-strain diagram for experiment DR1-992-1.

Figure B.16 Stress-strain diagram for experiment DR1-992-2.
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Figure B.17 Stress-strain diagram for experiment DR1-992-3.

Figure B.18 Stress-strain diagram for experiment DR1-992-4.
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Figure B.19 Stress-strain diagram for experiment DR1-992-5.

Figure B.20 Stress-strain diagram for experiment DR2-992-1.
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Figure B.21 Stress-strain diagram for experiment DR2-992-2.

Figure B.22 Stress-strain diagram for experiment DR2-992-3.
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Figure B.23 Stress-strain diagram for experiment DR2-992-4.

Figure B.24 Stress-strain diagram for experiment DR2-992-5.
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Figure B.25 Stress-strain diagram for experiment DR2-992-6.

Figure B.26 Stress-strain diagram for experiment DR2-992-7.
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Figure B.27 Stress-strain diagram for experiment DR3-992-1.

Figure B.28 Stress-strain diagram for experiment DR3-992-2.
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Figure B.29 Stress-strain diagram for experiment DR3-992-3.

Figure B.30 Stress-strain diagram for experiment DR3-992-4.
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Figure B.31 Stress-strain diagram for experiment DR3-992-5.

Figure B.32 Stress-strain diagram for experiment DR4-992-1.
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Figure B.33 Stress-strain diagram for experiment DR4-992-2.

Figure B.34 Stress-strain diagram for experiment DR4-992-3.
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Figure B.35 Stress-strain diagram for experiment DR4-992-4.

Figure B.36 Stress-strain diagram for experiment DR4-992-5.
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Figure B.37 Stress-strain diagram for experiment DR4-992-6.

Figure B.38 Stress-strain diagram for experiment DR4-992-7.
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Figure B.39 Stress-strain diagram for experiment DR4-992-8.

Figure B.40 Stress-strain diagram for experiment DR4-992-9.
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Figure B.41 Stress-strain diagram for experiment DR4-992-10.
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Table C.1
Experiment
#
SR-572-1
SR-572-2
SR-572-3
SR-572-4
SR-572-5
SR-572-6
SR-572-7
SR-572-8
Static
Average
(A572-50)
SR-992-1
SR-992-2
SR-992-3
SR-992-4
SR-992-5
SR-992-6
SR-992-7
SR-992-8
SR-992-9
SR-992-10
SR-992-11
SR-992-12
SR-992-13
SR-992-14
Static
Average
(A992)

Measured baseline material properties from static-rate experiments.

1.88E-05
2.01E-05
2.21E-05
1.86E-05
2.21E-05
2.29E-05
2.57E-05
2.08E-05

Upper
Yield
Strength
(ksi)
61.7
61.8
61.7
61.6
61.2
61.1
61.5
61.2

Lower
Yield
Strength
(ksi)
58.9
58.6
59.0
58.3
58.6
58.4
59.2
58.5

2.14E-05

61.5

58.7

81.9

27.8%

65.1%

1.89E-05
1.98E-05
2.10E-05
1.75E-05
2.31E-05
3.22E-05
2.30E-05
2.08E-05
2.28E-05
2.46E-05
2.37E-05
2.41E-05
3.16E-05
3.54E-05

54.6
52.4
54.6
54.4
54.1
54.8
54.4
57.6
53.1
52.6
54.8
52.4
52.3
53.2

51.7
50.8
51.1
51.9
51.2
50.9
51.2
52.2
50.4
50.0
51.0
50.6
50.5
51.0

69.2
68.0
69.1
69.3
69.2
69.5
69.3
69.5
68.5
68.5
68.3
68.7
68.6
68.5

34.0%
32.0%
32.9%
32.7%
31.5%
32.0%
31.0%
30.4%
34.0%
33.5%
32.7%
32.3%
32.5%
33.1%

69.2%
72.1%
67.1%
71.7%
70.0%
67.4%
69.5%
68.1%
71.3%
69.6%
69.1%
67.5%
67.1%
67.1%

2.42E-05

54.0

51.0

68.9

32.0%

69.1%

Average
Strain
Rate (s-1)
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Ultimate
Tensile
Reduction
Elongation
Strength
of Area
(ksi)
81.4
30.5%
65.4%
79.7
31.0%
67.8%
81.8
29.2%
63.2%
82.0
27.1%
65.1%
81.8
26.2%
63.9%
81.8
26.5%
65.1%
81.6
25.7%
64.5%
84.9
26.0%
65.6%

Table C.2

Measured dynamic material properties of A572-50.

Upper
Lower
Ultimate
Yield
Yield
Tensile
Experiment #
Elongation
Strength Strength Strength
(ksi)
(ksi)
(ksi)
DR1-572-1
2.67E-03
66.5
62.7
85.6
27.1%
DR1-572-2
2.61E-03
65.1
61.2
85.8
26.2%
DR1-572-3
2.67E-03
67.7
61.8
85.0
29.3%
DR1-572-4
2.72E-03
64.2
61.9
85.1
26.4%
DR1-572-5
2.86E-03
65.2
61.5
85.7
26.1%
DR2-572-1*
4.64E-02
70.0
64.5
86.7
DR2-572-2*
4.50E-02
70.6
64.8
87.5
DR2-572-3
5.16E-02
70.3
64.9
87.6
27.6%
DR2-572-4**
5.64E-02
69.5
65.4
88.1
24.0%
DR2-572-5
5.38E-02
69.6
64.1
87.9
26.3%
DR2-572-6
5.88E-02
71.7
65.7
87.4
26.6%
DR2-572-7
6.24E-02
69.5
64.8
87.7
27.3%
DR2-572-8
5.34E-02
67.5
65.0
87.4
26.6%
DR3-572-1
1.96E-01
69.8
65.4
89.2
28.4%
DR3-572-2
2.02E-01
71.2
64.3
89.4
29.7%
DR3-572-3
2.26E-01
72.7
67.8
90.6
27.4%
DR3-572-4
2.40E-01
71.9
66.9
90.0
26.8%
DR3-572-5
2.42E-01
72.8
67.6
90.0
27.1%
DR4-572-1
2.60E+00
83.3
67.4
97.5
36.3%
DR4-572-2
2.91E+00
83.5
69.5
98.0
32.0%
DR4-572-3
2.41E+00
84.7
69.0
99.0
36.1%
DR4-572-4** 2.61E+00
82.8
67.4
98.3
33.1%
DR4-572-5
2.67E+00
84.3
68.6
96.4
32.4%
DR4-572-6
2.46E+00
82.5
68.2
98.4
34.1%
* Specimen loaded past ultimate tensile strength but not until fracture
** Specimen fractured on gauge mark
Average
Strain
Rate (s-1)
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Reduction of
Area
58.0%
51.5%
53.2%
49.8%
56.1%
55.7%
40.5%
56.8%
51.9%
53.3%
52.9%
57.4%
55.6%
56.3%
59.6%
55.8%
62.9%
62.3%
65.1%
51.0%
62.2%
63.7%

Table C.3

Measured dynamic material properties of A992.

Experiment
#

Average
Strain
Rate (s-1)

Upper
Yield
Strength
(ksi)
60.6
61.7
60.8
58.9
59.4
64.5
63.6
65.7
62.9
65.6
65.0
62.9
66.5
68.3
67.9
68.0
67.4
78.9
78.3
79.0
78.4
77.4
78.7
76.2
79.4
77.3

DR1-992-1
2.06E-03
DR1-992-2
2.45E-03
DR1-992-3
2.07E-03
DR1-992-4
2.00E-03
DR1-992-5
2.01E-03
DR2-992-1
4.18E-02
DR2-992-2
3.75E-02
DR2-992-3
4.47E-02
DR2-992-4
4.25E-02
DR2-992-5
4.95E-02
DR2-992-6** 4.72E-02
DR2-992-7
4.39E-02
DR3-992-1
2.72E-01
DR3-992-2
2.77E-01
DR3-992-3
2.45E-01
DR3-992-4
2.46E-01
DR3-992-5
2.75E-01
DR4-992-1
1.86E+00
DR4-992-2
1.75E+00
DR4-992-3
1.98E+00
DR4-992-4** 2.63E+00
DR4-992-5
1.97E+00
DR4-992-6** 1.97E+00
DR4-992-7
2.34E+00
DR4-992-8** 2.61E+00
DR4-992-9
2.41E+00
DR4-9922.17E+00
77.3
10**
** Specimen fractured on gauge mark

Lower
Yield
Strength
(ksi)
53.5
55.6
54.2
52.3
54.1
55.8
57.8
58.1
56.9
55.5
56.3
57.5
60.3
61.3
59.7
60.0
61.0
64.0
61.0
59.8
59.9
57.4
61.2
59.9
61.0
57.7

Ultimate
Tensile
Strength
(ksi)
71.3
72.4
72.0
71.3
71.2
74.0
74.2
74.2
73.6
74.0
73.9
73.5
76.0
76.1
76.4
76.3
76.0
82.9
83.7
83.7
84.0
83.5
83.5
82.7
83.2
83.4

56.8

83.4
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Elongation

Reduction
of Area

27.6%
29.4%
30.0%
27.8%
28.4%
27.2%
32.8%
32.1%
31.9%
29.3%
27.4%
29.5%
32.7%
33.7%
31.7%
32.0%
31.8%
40.8%
38.0%
42.2%
36.6%
38.8%
38.7%
43.6%
35.1%
36.4%

56%
57%
56%
54%
58%
55%
62%
58%
63%
58%
39%
59%
60%
65%
59%
64%
64%
62%
64%
64%
52%
68%
62%
70%
51%
62%

36.8%

46%

APPENDIX D
MATERIAL TEST REPORTS
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Figure D.1

MTR for A572-50 plates that were tested.
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Figure D.2

MTR for A992 S-beams that were tested.
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